Hollow structural sections (HSS) are widely used as braces because they have inherent axial,°e xural, and torsional capacities. Delaying or preventing local buckling is accomplished by concrete in¯ll in HSS braces to improve their cyclic response heavily relying upon three key parameters: (1) presence of concrete in¯ll, (2) width (diameter)-to-thickness ratio, and (3) length-to-width (diameter) ratio impress the cyclic response of HSS braces. Nevertheless, it is not clear that based on which parameter, concrete in¯ll can signi¯cantly enhance the peak compressive strength and energy dissipation capacity of HSS braces. This paper aims to investigate this concern while presenting a numerical study on the cyclic response of 120 HSS and Concrete-Filled Tubes (CFT) braces with various geometric characteristics. Square and circular cross-sections, 10, 12, 13.33, 20, 30, 33.33, and 50 width (diameter)-to-thickness ratios and 10, 15, 20, 25, 30, 37.5, 45, 50, 75, and 112.5 length-to-width (diameter) ratios are selected for the numerical investigation. Obtained results indicated that concrete in¯ll can increase peak compressive and post-buckling strengths and energy dissipation capacity of HSS braces around 81%, 43%, and 73%, respectively. It was found that concrete in¯ll and parameters of width (diameter)-to-thickness ratio and length-to-width (diameter) ratio in°uence the cyclic response of HSS braces di®erently. On the other hand, concrete in¯ll noticeably enhances the peak compressive strength of HSS braces with larger values of width (diameter)-to-thickness ratio and energy dissipation capacity of such braces with lower values of length-to-width (diameter) ratio.
Introduction
Hollow Structural Section (HSS) and Concrete-Filled Tube (CFT) have been widely used as braces, as indicated in extensive numerical and experimental research studies. [1] [2] [3] [4] [5] [6] Schneider, 7 Shams and Saadeghvaziri, 8 Huang et al. 9 have investigated the e®ect of the cross-section shape and thickness on the ultimate strength of CFT columns under axial load. The results have shown that the short circular CFT columns loaded axially convey an elastic-perfectly plastic behavior and also have more post-yield axial ductility compared to square or rectangular CFT columns. Research conducted by Knowles and Park 10 on the e®ect of slenderness ratio on the ultimate strength of CFT columns under axial load, has shown that slenderness ratio is an important factor in concrete con¯nement, such that a slenderness ratio of less than 35 will ensure concrete con¯nement. Numerous tests have illustrated that concrete in¯ll increases the compressive strength for circular CFTs and the ductility for rectangular CFTs, and also delays or prevents local buckling of the steel tube. 11, 12 Hajjar 13 has shown that in CFT braces, outward-buckling mode with the longer buckle-wavelength leads to reduced strain demands in comparison with HSS braces that illustrate short wavelength inward-buckling. Broderick et al. 14 have experimentally investigated the response of HSS and CFT bracing members under monotonic and cyclic axial loading. Based on experimental observations, they have concluded that the CFT specimens have relatively higher ductility and larger postbuckling strength than those of the equivalent HSS specimens improving ductility capacity by delaying or limiting local buckling. They have indicated that tension strengths of HSS and CFT specimens were equal. Liu and Goel 15 have tested nine full-scale, one-bay, one-story braced frames with rectangular CFT and HSS braces under quasi-static cyclic loading. They have found that the presence of concrete in¯ll can increase energy dissipate capacity and failure ductility and also can change the mode of the local buckling. Li et al. 16 have investigated, experimentally and numerically, CFTs behavior under eccentric tensile loading. They have indicated that conventional design equations predict safely and conservatively the tension and°e xural strength of CFTs loaded eccentrically. Tao et al. 17 have used a database including test results of 484 circular CFST stub columns and 445 rectangular CFST stub columns to investigate the applicability of design codes such as AIJ, AISC, DBJ 13-51-2003 , and EN1994, in computing the compressive strength. Wang et al. 18 have considered a wide range of parameters for circular and rectangular CFST stub columns to determine the compressive strength, the compressive sti®ness, and the compressive strain.
Trica and Chen 19 conducted a regression analysis to anticipate the failure strain for a single reversal value in simulating brace fracture. Their predicted value for failure strain depends on parameters of slenderness ratio, width-to-thickness ratio and steel yield strength. Also, they proposed an empirical regression equation for square HSS braces with slenderness ratio between 50 and 150 using data from 14 experimental tests. Ebrahimi et al. 20 investigated the gusset plate behavior in Special Concentrically Braced Frames (SCBFs) and proposed a new method for calculating the force distribution at the gusset plate-to-column and beam interfaces. They also presented a new procedure to determine the gusset plate dimensions. Ebrahimi et al. 21 proposed through gusset plate connections to improve connection responses and numerically studied the behavior of HSS braces, gusset plate and connections in SCBFs with HSS columns and beams.
Improving cyclic response of HSS braces is accomplished by concrete in¯ll. The e®ect of concrete in¯ll on cyclic response of HSS braces severely relies upon essential parameters such as: (1) presence of concrete in¯ll, (2) width (diameter)-to-thickness ratio, and (3) length-to-width (diameter) ratio, however, there is limited information that in which kind of HSS braces the concrete in¯ll signi¯cantly enhances the peak compressive strength and energy dissipation capacity. This study investigates these essential parameters to conclude which one leads to more e®ective impact of concrete in¯ll performance in improving the peak compressive strength and energy dissipation capacity of HSS braces.
This paper presents an extensive numerical study on the cyclic behavior of 120 HSS and CFT braces with two di®erent shapes (square and circular) under cyclic axial loading. A comprehensive¯nite element (FE) model is¯rst established and veri¯ed by the experimental results; then, parametric studies are performed by using this FE model to investigate the in°uence of those key parameters. The objectives of this study are as follows:
(1) To evaluate the in°uences of various parameters such as presence of concrete in¯ll, width (diameter)-to-thickness ratio and length-to-width (diameter) ratio on the peak compressive strength, the post-buckling strength and the energy dissipation capacity of HSS braces. (2) To identify in which kind of HSS braces, concrete in¯ll signi¯cantly enhances the peak compressive strength and the energy dissipation capacity.
Numerical Modeling of HSS and CFT Braces
In this investigation, 120 braces with four types of cross-section (consisting of square HSS, circular HSS, square CFT, and circular CFT) in three di®erent lengths (3000, 6000 and 9000 mm) are considered. The dimensions, the length ðLÞ, width (diameter)-to-thickness ratio ð B t or D t Þ and length-to-width (diameter) ratio ð L B or L D Þ of these specimens are given in Table 1 .
Loading Protocol
Specimens are subjected to a cyclic axial loading protocol outlined by ATC-24 loading protocol 22 as displacement-control. De¯ning Á y (brace yielding or buckling displacement) that is a key factor in ATC-24 loading protocol, is accomplished by applying an increasing axial displacement to brace specimens. The values for Á y are calculated with respect to the brace displacement at the initial of yielding or buckling and determined by illustration brace axial force versus brace axial deformation. Table 2 gives the values of Á y for di®erent brace specimens. Table 2 indicates that concrete in¯ll increases Á y by up to 34%. From Table 2 , it can be concluded that the concrete in¯ll in HSS specimens with lower length-towidth (diameter) ratio exhibits a signi¯cant e®ect on increasing Á y , while the concrete in¯ll makes a lesser contribution to increase Á y in HSS specimens with larger length-to-width (diameter) ratios. In this study, displacement ductility, Á , of brace specimens is de¯ned as the ratio of maximum axial displacement to yielding or buckling displacement, 23 considered to be 10.
FE Models of Specimens with ABAQUS
A three-dimensional nonlinear simulation of all the HSS and CFT specimens is performed in ABAQUS program. 24 Due to the presence of two materials, the ductile steel and the brittle concrete in CFT specimens, their modeling is complex. The key components are steel, concrete and their interaction. A deformable, homogeneous shell element (S4R a 4-node doubly curved thin or thick shell, reduced integration type) is used to model steel elements. S4R elements possess: (1) six degrees of freedom per node, (2) three section points in order to calculate the strain and stress conversions through the thickness, and (3) reduced integration in the elements plan. The steel selected in the specimens is St37 and steel material is considered as the bilinear elastic-plastic model. Modulus of elasticity, Poisson's ratio, yield strength, and ultimate strength values are assumed to be E s ¼ 2 Â 10 5 MPa, s ¼ 0:3, F y ¼ 240 MPa, and F u ¼ 370 MPa, respectively. The material model of nonlinear kinematic hardening plasticity is used for the steel elements.
Three-dimensional, deformable and solid element (C3D8R eight-node brick element with reduced integration type) is used to simulate concrete. C3D8R elements possess: (1) three degrees of freedom per node and (2) reduced integration in order to compute the stress and strain. The compressive cylinder strength and Poisson's ratio values are assumed to be f = c ¼ 30 MPa, and c ¼ 0:2, respectively. The concretedamaged plasticity model is used to simulate the plastic behavior of concrete. The concrete-damaged plasticity model assumes a nonassociated potential plastic°ow rule and isotropic damage and this model is useful for cyclic loading conditions.
In this study, the stress-strain relationships proposed by Velasco 25 for the concrete in tension and compression are used ( Figs. 1 and 2) .
Velasco de¯ned the tension behavior of concrete by two steps. The¯rst step is related to stress-strain curve before crack nucleation and the second step is related to post-failure stress-cracking displacement curve. In the¯rst step, the stress-strain relationship is determined as t ð" t Þ ¼ E 0 " t " t " t0 and in the second step, the trilinear model is used for stress-cracking displacement de¯ned by four points, ð0; t0 Þ, ðw 1 ; t1 Þ, ðw 2 ; t2 Þ, and ðw u ; 0Þ, where t1 ¼ k 1 t0 , t2 ¼ k 2 t0 , w 1 ¼ w u =c 1 , and w 2 ¼ w u =c 2 . k 1 and k 2 are the empirical parameters that can better describe the behavior of post-failure softening in uniaxial tension test. c 1 and c 2 are the constants and their values 20 and 5 are proposed by Velasco, respectively. He considered the ideal stress-strain relationships for compression behavior of concrete by three parts: (1) initial elastic branch, (2) damage-based plastic rising branch, and (3) damagebased plastic declining branch (Eq. (1)), where " cu is the strain according to the ultimate compression stress, " cm is the maximum strain equal to " cm ¼ k c " cu , k c is the empirical parameter and is calculated from the compression tests. From the experimental data utilizing the Statistical \Nonlinear Fit" package of Mathematica, values of 1 and 2 can be estimated 7.0. 26 The most important factor in behavior of the CFT members is the interaction between concrete in¯ll and steel tube. In ABAQUS, \contact pair" consisting of master-steel and slave-concrete surfaces is considered for the interaction between concrete in¯ll and steel tube. Tangential behavior is de¯ned as \Penalty" and the coe±cient of friction concrete in¯ll and steel tube is selected as 0.3, but in the studies, it is considered from 0.2 to 0.4. Normal behavior is de¯ned as \Hard Contact" which allows for separation after contact but avoids over closure. Figure 3 shows the boundary conditions of brace specimens. The vertical displacements at both ends of specimens are constrained ðU X ¼ U Y ¼ 0Þ while the horizontal displacement at one end is constrained ðU Z ¼ 0Þ but it is allowed at the other end. Meanwhile, a reverse axial displacement is imposed at the other end of the specimens.
The Veri¯cation of FM Results
In this study, the experimental study by Broderick et al. 14 is used to validate the FE results. They carried out the experimental studies on the response of HSS and CFT members subjected to monotonic and cyclic axial loading and considered steel with a nominal yield strength 235 MPa and an ultimate strength of between 360 and 510 MPa. The compressive and tensile strengths of concrete were considered 24 and 2.53 MPa, respectively. The length of the HSS and CFT specimens was considered 1100 mm. The loading protocol used in their studies was according to the provisions of the ECCS. 27 CFT specimen of 20 Â 20 Â 2:0 SHS tested under cyclic axial loading by Broderick et al., considered to validate specimens modeled in ABAQUS. The results obtained from ABAQUS are compared to those obtained by Broderick et al. (Fig. 4 ). The similarity between the CFT specimen tested by Broderick et al. and the developed model in ABAQUS is illustrated in Fig. 5 . From Figs. 4 and 5, it can be concluded that the FE results have reasonable accuracy.
Numerical Results of HSS and CFT Braces
The brace behavior is related to many variables, such as the presence of concrete in¯ll, width (diameter)-to-thickness ratio and length-to-width (diameter) ratio. In this research, 120 HSS and CFT braces with di®erent geometric characteristics are investigated to study the in°uence of those parameters on the braces behavior. On the other hand, the severity of local buckling in the equivalent HSS and CFT braces with di®erent length-to-width (diameter) ratios is approximately similar. Due to the occurrence of steel tube local buckling, most design codes specify limits for width (diameter)-to-thickness ratio of HSS and CFT members. 28-31
Compression strength (buckling capacity)
Previous studies showed that concrete in¯ll increases the compressive strength of HSS members 2,14 but none of these studies speci¯es which parameter, namely width (diameter)-to-thickness ratio and length-to-width (diameter) ratio, has more sig-ni¯cant e®ect on the contribution of concrete in¯ll in increasing the compressive strength of HSS members. In Table 3 , the peak compressive strengths of HSS braces are compared with those of equivalent CFT braces and their percentage increase rates are calculated. From Table 3 , it is clear that for HSS and CFT braces with constant width or diameter, there is a general tendency of decrease in the peak compressive strength with increasing width (diameter)-to-thickness and length-to-width (diameter) ratios and also, the peak compressive strength in CFT braces is approximately 81% greater than equivalent HSS braces. Table 3 shows that there is no distinct relationship between percentage increase of the peak compressive strength of equivalent HSS and CFT braces and length-to-width (diameter) ratio while the relationship between percentage increase of the peak compressive strength of equivalent HSS and CFT braces and the width (diameter)-to-thickness ratio is obvious. As a result, parameter of width (diameter)-to-thickness ratio has a signi¯cant e®ect on the contribution of concrete in¯ll in increasing peak compressive strength of HSS braces. Figure 7 depicts the variation of the percentage increase of the peak compression strength of equivalent HSS and CFT braces corresponding to the width (diameter)-to-thickness ratio.
From Fig. 7 , it can be concluded that concrete in¯ll in HSS braces with larger width (diameter)-to-thickness ratio has more signi¯cant e®ect on increasing the peak compressive strength.
The post-buckling strength
The compressive strength decreases upon increasing compressive deformations. The degradation in compression strength of braces is a signi¯cant parameter in Chevron con¯guration SCBFs since the compressive strength degradation induces a net vertical force on the connecting beam. Table 4 presents the post-buckling strength of brace specimens for displacement ductility ð Á Þ of 5. Tremblay 32 presented an expression for post-buckling strength of braces according to results of 76 specimens. He selected displacement ductility of 2, 3 and 5 to cover the range of anticipated axial deformations for braces in tension-compression curves.
From Table 4 , it can be calculated that for HSS and CFT braces with constant width or diameter, the post-buckling strength decreases with the increasing width (diameter)-to-thickness and length-to-width (diameter) ratios and also the postbuckling strength in CFT braces is approximately 43% greater than those in equivalent HSS braces. Figure 8 compares hysteresis curves of HSS and CFT braces for some brace specimens.
From Fig. 8 , it is clear that the post-buckling strength is greater for CFT braces in comparison with equivalent HSS braces but the percentage of compressive strength degradation of CFT braces is greater than those of equivalent HSS braces.
Energy dissipation
Energy dissipation controls the dynamic behavior of the SCBFs during severe earthquakes. In this study, the energy dissipation is de¯ned as external work and is equal to the area enclosed via brace axial force-brace axial deformation hysteresis curves, similar to the de¯nition used by Sheehan and Chan. 2 Previous studies showed that the energy dissipation of HSS members is increased by concrete in¯ll 2,14 but none of these studies specify which parameters, namely width (diameter)-to-thickness ratio and length-to-width (diameter) ratio, have more signi¯cant e®ect on the contribution of concrete in¯ll in increasing the energy dissipation of HSS members.
In Table 5 , the energy dissipation of HSS braces is compared to those of equivalent CFT braces and their increase in percentages are calculated. Table 5 indicates that for HSS and CFT braces with constant width or diameter, brace specimens with lower width (diameter)-to-thickness ratio enclose a greater area per hysteresis loop in comparison with larger width (diameter)-to-thickness ratio and also, it is clear that CFT braces dissipate more energy than equivalent HSS braces (approximately 73%). Table 5 indicates that there is not a distinct relationship between percentage increase of the energy dissipation of equivalent HSS and CFT braces and the width (diameter)-to-thickness ratio while the relationship between percentage increase of the energy dissipation of equivalent HSS and CFT braces and the length-to-width (diameter) ratio is obvious. As a result, parameter of the length-to-width (diameter) ratio has a signi¯cant e®ect on the contribution of concrete in¯ll in increasing the energy dissipation of HSS braces. Figure 9 depicts the variation of the increase percentages of the energy dissipation of equivalent HSS and CFT braces corresponding to the length-to-width (diameter) ratio.
From Fig. 9 , it can be concluded that concrete in¯ll in HSS braces with lower length-to-width (diameter) ratio has more signi¯cant e®ect on increasing the energy dissipation. 
Conclusion
In this paper, the e®ects of three main parameters: (1) presence of concrete in¯ll, (2) width (diameter)-to-thickness ratio, and (3) length-to-width (diameter) ratio on the cyclic response of HSS braces were studied. This study investigated which parameters, namely width (diameter)-to-thickness ratio and length-to-width (diameter) ratio, have more signi¯cant e®ect on the contribution of concrete in¯ll in improving the compression strength and the energy dissipation capacity of HSS members. 120 HSS and CFT braces with square and circular cross-sections and three different lengths (3000 mm, 6000 mm, and 9000 mm) were considered. 10, 12, 13.33, 20, 30, 33.33, and 50 width (diameter)-to-thickness ratios and 10, 15, 20, 25, 30, 37.5, 45, 50, 75, and 112.5 length-to-width (diameter) ratios were selected for the numerical study. The following can be concluded:
Based on the parametric study on HSS and CFT braces, local buckling in HSS braces with larger width (diameter)-to-thickness ratio is more severe than the case for equivalent HSS braces with lower width (diameter)-to-thickness ratio, while the presence of concrete in¯ll in CFT braces reduces the severity of local buckling.
The peak compressive strength in HSS and CFT braces having constant width or diameter, decreases with increasing width (diameter)-to-thickness and lengthto-width (diameter) ratios. Also, the peak compressive strength in CFT braces is approximately 81% greater than those in equivalent HSS braces. While increased rate of the peak compressive strength of equivalent HSS and CFT braces does not show a distinct relationship to length-to-width (diameter) ratio, it obviously depends on the width (diameter)-to-thickness ratio. The results obtained from numerical study showed that concrete in¯ll in HSS braces with larger width (diameter)-tothickness ratio has more signi¯cant e®ect on increasing the peak compressive strength.
The post-buckling strength in HSS and CFT braces having constant width or diameter decreases with increasing width (diameter)-to-thickness and length-towidth (diameter) ratios. The post-buckling strength of CFT braces is approximately Fig. 9 . The increase percentage of energy dissipation of equivalent HSS and CFT braces. 43% greater than that of equivalent HSS braces but the compressive strength degradation of CFT braces is greater than that of equivalent HSS braces.
HSS and CFT braces with constant width or diameter having lower width (diameter)-to-thickness ratio enclose a greater area per hysteresis curve compared to larger width (diameter)-to-thickness ratio. Also, CFT braces dissipate approximately 73% more energy than equivalent HSS braces. While increase rate of the energy dissipation of equivalent HSS and CFT braces does not show a distinct relationship to width (diameter)-to-thickness ratio, it obviously depends on the length-to-width (diameter) ratio. The parametric studies showed that, concrete in¯ll in HSS braces with lower length-to-width (diameter) ratio has more signi¯cant e®ect on increasing the energy dissipation.
